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BACKGROUND 
Humans experience profound physiological 
adaptations during space flight, including bone 
demineralization, neuroendocrine and immune system 
responses, neurovestibular responses, muscle atrophy, 
and cardiovascular adaptaflons (52, 55). The 
weightlessness environment causes deprivation of normal 
locomotive function (hypokinesia), deprivaflon of normal 
weight-bearing function (hypodynamia), and muscle 
atrophy. Among the effects of space flight on landing is 
inability to maintain sufficient blood pressure to the head 
when standing (orthostatic hypotension). General 
symptoms of orthostatic intolerance include lightheadedness, fatigue, and fainting (52). Without 
hydration in space, the hypotension is initially due to total body hypovolemia (Iow body fluid). 
Significant evidence suggests that cardiovascular adaptations may be occurring that are rendered 
inappropriate on return to earth (5, 19, 54, 58). One such adaptation to weightlessness may be 
up-regulated vasodilatory response of the peripheral resistance vasculature. This study 
investigates the potential role of enhanced vasodilator responsiveness of arterioles from skeletal 
muscle in causing orthostatic hypotension. 
ETIOLOGY OF ORTHOSTATIC HYPOTENSION 
On earth, orthostatic hypotension results from inadequate compensatory responses to the 
gravitational shifts in blood that occur when a person moves from a horizontal to a verflcal 
position, especially following a prolonged bed rest. The decrease in blood pressure that results 
from blood pooling in the leg veins upon standing up is normally detected by the baroreceptors, 
which rapidly initiate compensatory responses to restore blood pressure to its proper level. When 
a person who has been bedridden begins to stand upright, gravity causes blood to pool in the 
lower extremities. The subsequent orthostatic hypotension and decrease in brain blood flow are 
responsible for the dizziness or actual fainting that occurs. 
Experiments in Humans 
The primary cause of orthostatic hypotension in the first days of space flight is thought to 
be the weightlessness-induced hypovolemia. Immediately upon leaving a gravity environment, 
intersutial fluid and blood caudally shift in response to mechanisms that are designed to return 
fluids to the heart through a gravity-induced pressure gradient. Such mechanisms include venous 
valves and the lymphatic system. The headward fluid shift activates the baroreceptors in the 
hypervolemic chest cavity. The brain subsequently releases vasopressin, and the heart releases 
atrial naturetic peptide which triggers release of fluid from the kidneys, The amount of total body 
fluid stabilizes within several days (11). The total fluid volume is maintained at a constant level 
(which is a hypovolemic level relative to that on earth). On return to earth, body fluid 
redistributes to the lower body under the influence of terrestrial gravity and the same fluid 
distribution as the pre-flight fluid distribution. Since blood volume is low, mean arterial pressure 
is not adequately maintained. 
The tendency toward low blood pressure and syncopal symptoms during standing, head- 
up tilt, or lower body negative pressure is well documented in humans who have been exposed to 
periods of actual or simulated weightlessness (6, 8, 10, 12, 27, 29, 32, 45). Orthostatic 
hypotension induced by weightlessness is associated with reduced plasma volume (6, 9, 10), 
decreased left ventricular-end-diastolic volume with consequent lowering of stroke volume and 
cardiac output (11, 45), and attenuated cardiac baroreflex response (10, 12). Heart rate increases 
to offset the decrease in stroke volume (52). Postflight tests of orthostatic tolerance showed 
increased heart rate and decreased pulse pressure as compared with preflight measurements (7, 
50, 51), The net result is that cardiac output is only slightly lower or in many following exposure 
to a weightlessness environment: 
Cardiac Output (not significantly changed) = /Heart Rate x P Stroke Volume 
The documented decrease in plasma volume contributes to orthostatic intolerance. Upon 
return to terrestrial gravity, fluid distribuflon in orthostasis returns to preflight levels with less 
total blood volume, and subsequently maintenance of adequate cephalic pressure relies more 
heavily on the cardiovascular system than pre-flight. This hypovolemia-induced strain on the 
cardiovascular system contributes to orthostatic hypotension. 
Evidence is mounting that orthostatic hypotension is not solely attributed to hypovolemia 
(5, 54, 58). A study by Vernikos et al (58) identified oral rehydration with bullion or salt tablets 
as an effective strategy in reversing orthostatic hypotension. However, the study revealed that the 
rehydration with salt tablets became less effective as exposure to weightlessness increased, 
suggesting that other factors besides hypovolemia become increasingly important in orthostatic 
hypotension during a space mission. This conclusion is in accord with others (5) whose findings 
indicate that hypovolemia in humans does not fully explain the decrement in orthostatic tolerance 
and work capacity that accompanies exposure to microgravity. 
Since cardiac output is unchanged or only slightly lowered with rehydration, 
hypovolemia does not adequately explain the increase in hypotension with increasing exposure to 
microgravity, Therefore, total peripheral resistance must be compromised in weightlessness: 
g Mean Arterial Pressure = Cardiac Output (not changed) x g Total Peripheral Resistance 
Arteriolar resistance by far offers the greatest percentage of the total peripheral 
resistance. This means that arterioles immensely influence the maintenance of mean arterial 
pressure. By constricting, arterioles reduce the blood flow to a particular tissue, which increases 
the main driving pressure head to other organs, and in particular the brain. In effect, 
sympathetically induced arteriolar responses help to maintain the appropriate driving pressure to 
other organs. Since mean arterial pressure depends on the cardiac output and the degree of 
arteriolar vasoconstriction, arteriolar dilation in one tissue results in arteriolar constriction in 
other tissues to maintain an adequate arterial blood pressure to provide a driving force to push 
blood not only to the vasodilated tissue but also to the brain, which requires a constant blood 
supply. 
Evidence is mounting that a compromised ability to elevate vascular resistance is an 
important component of orthostatic hypotension. In the study by Vermkos et al (58), the subjects 
who did not faint maintained their abi)ity to vasoconstrict. This result supports the claim that 
arteriolar resistance is a factor in orthostatic hypotension. Schmid et al (47) found that forearm 
vascular resistance was reduced after 12 days of bed rest, a model used to simulate microgravity 
in humans. The reduction in resistance remained during intraarterial infusions of norepinephrine. 
Mulaugh et al (39), used echocardiography to show that inadequate vasoconstrictor responses 
significantly contributed to the post-flight orthostatic intolerance. Buckey et al (7) investigated a 
broad spectrum of cardiovascular regulatory mechanisms during pre- and post-flight stand tests in 
crewmembers having flown 9-14 days. Upon return to earth, the subjects fell into two groups: 
those that could and those that could not finish the stand test. The distinguishing characteristic of 
the non-finishing group was a compromised abiTity to increase vascular tone and subsequently 
increase total peripheral resistance. In addition, heart rate was higher in the non-finishers and 
venous pooling and stroke volume were similar between the two groups. The authors suggested 
that the diminished vasoconstrictor response could occur by a number of factors, including 
baroreceptor responsiveness, central integration of reflex responses, afferent input, efferent output 
and end organ (vascular) responsiveness. 
Shoemaker et al (50) investigated the effect of head-down-tilt bed rest for 14 days on 
supine sympathetic discharge and cardiovascular hemodynamics at rest. While heart rate at rest 
was greater post-bed rest, mean arterial pressure was unchanged. Aortic stroke distance during 
post-bed rest was lower that pre-bed rest levels. Muscle sympathetic nerve activity burst 
frequency was reduced in the post- compared with the pre-bed rest condition. Bed rest did not 
alter forearm blood flow, forearm vascular resistance, or total peripheral resistance. Thus, 
reducdons in muscle sympathetic nerve activity with head-down-tilt bed rest were not associated 
with a decrease in forearm vascular resistance. These results imply that the inability to elevate 
vascular resistnace does not involve changes in sympathetic nerve activity. 
In another head-down-tilt bed rest study, Shoemaker et al (51) reported that total excess 
reactive hyperemic forearm blood flow was diminished by bed rest and that the ability of the cold 
pressor test to lower forearm blood flow was less in the post- than in the pre-bed rest test, despite 
similar increases in mean arterial pressure. The authors suggested that regulation of vascular 
dilation and the interaction between dilatory and constrictor influences were altered with bed rest. 
Thus, these data suggest that modifications in vascular tone could be the result of changes in the 
contractile properties of vessels, the modifications could also be due to alterations in vasodilator 
mechanisms. 
In the present study on vasodilatory properties of lA rat arterioles, it is hypothesized that 
vascular P2-adrenoceptors are up-regulated so that the associated enhanced dilation would 
exacerbate orthostatic hypotension, Evidence to support this claim includes studies that have 
reported that the P2-adrenoceptor blocker propranolol prevents pre-syncopal symptoms induced 
by tilt tests after exposure to simulated weightlessness (37, 46), 
Erperiments in Rats 
Using hindlimb unloading by tail suspension as a model of the effects of weightlessness, 
rats have been used to study both mechanistic changes and vascular remodeling of the 
cardiovascular system. Overton and Tipton (42) found that hindlimb unloading decreased cold 
pressor response and reduced mesenteric vascular resistance to infusions of phenylephrine, In 
studying effects of simulated weightlessness on visceral blood flow, McDonald, Delp, and Fitts 
(35) found that during treadmill walking, hindlimb unloaded rats revealed a diminished response 
in the normal reduction in blood flow. In addition, blood flow was elevated to inactive muscle 
primarily composed of fast twitch glycolytic muscle fibers (the white portion of the 
gastrocnemius muscle). These authors (35, 36, 42) suggested that the attenuation of arterial 
vasoconstrictor properties was a consequence of either a reduction in the number of vascular 
smooth muscle a — receptors or a modification of the u-receptor-second messenger signal 
transduction mechanism. To address this hypothesis, Delp et al (16) investigated vascular 
responsiveness of thoracic and abdominal aortae from hindlimb unloaded and control rats to 
several vasoconstrictor agonists, including the a — adrenoceptor agonists norepinephrine and 
phenylephrine. They reported that simulated weightlessness reduced maximal contractile tension 
evoked by all constrictor agonists. The authors suggested that altered vascular responsiveness 
may not be because of a modification of a — receptor number or signal transduction, but to 
compromised ability of the smooth muscle contracdle apparatus to generate force. 
In a subsequent study by Delp (16), it was found that hindlimb unloading produced an 
inability to elevate vascular resistance through myogenic autoregulation and vasoconsuictor 
agonist stimulation. The diminished vasoconstrictor response appeared to be caused by smooth 
muscle atrophy and the corresponding loss of contractile proteins rather than alterations in the 
receptor-second messenger signal transduction mechanism, which is in agreement with previous 
results (18). Arterioles isolated from postural muscles of the hindlimb (i. e. , the soleus muscle) 
showed no significant reduction in myogenic and vasoconstrictor reactivity. The authors suggest 
that several mechanisms are involved in initiating adaptations in the skeletal muscle vasculature. 
Smooth muscle cell atrophy may contribute to the diminished contractile tension 
observed in large conduit arteries and arterioles from rats exposed to simulated weightlessness. 
Atrophy of both cardiac and skeletal muscle results from exposure to weightlessness in rats (34). 
In addition, changes in hydrostatic pressure have been shown to induce trophic responses in 
smooth muscle cells. For example, smooth muscle cell hypertrophy occurs in maturing giraffe 
due to increases in blood pressure (28). Smooth muscle atrophy may occur as result of plasma 
volume loss and reducrions in blood pressure. 
In studying the remodeling of rat skeletal muscle arterioles, Delp et al (Delp, Col)crau, 
Wilkerson, Muller-Delp, unpublished observations) have found that hindlimb unloading reduced 
resistance artery medial thickness with no change in diameter in the gastrocnemius muslce and 
reduced the media outer perimeter and vessel diameter with no change in medial thickness in the 
soleus muscle. The authors suggest that reductions in transmural pressure cause the remodeling 
of gastrocnemius muscle arterioles and reductions in wall shear stress induce the remodeling of 
soleus muscle arterioles. It remains to be determined whether hindlimb unoading alters intrinsic 
vasodilator properties of resistance vasculature. 
Weightlessness-induced adaptations in peripheral arteriolar reactivity, such as the 
diminished myogenic. and vasoconstriction mechanisms observed by Delp et al. (16), could 
contribute to orthostatic intolerance when normal pressure gradients are introduced. Decrements 
in contracrile funcrion or enhancements in &Hlation would lead to decreases in peripheral 
resistance. As outlined in the previous section, a relative dilation would pass a greater pressure 
head to the venous side of the circulation, possibly contribunng to venous distention, pooling, and 
orthostatic hypotension. Based on previously observed alterations in muscle blood flow 
following hindlimb utdoading (35), it was hypothesized that dilator properties would be enhanced 
in arterioles from muscle composed of slow twitch oxidative muscle fibers such as soleus muscle. 
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Rat Hindlimb Unloading 
Numerous studies have used hindlimb unloading with tail suspension to simulate the 
cardiovascular adaptations induced by zero gravity. The hindlimb unloading of rats simulates 
weightlessness in two important ways: first, the tail suspension effects a gravity-induced caudal 
shift of fluids (43), and second, unloading of the hindlimb produces postural muscle atrophy. 
Muscular adaptations and cardiovascular decondidoning exhibited in hindlimb unloaded 
animals closely mimics those induced by real or simulated weightlessness in humans. Muscular 
adaptations include muscle atrophy (19), increased capillary density (40), greater glycogen and 
ATP usage (56), and conversion of slow myosin heavy chains to fast isoforms (53), These 
adaptations are dependent on the composition of the muscle fiber. Cardiovascular adaptations 
include a temporary increase in central venous pressure that normalizes within 24 hours (34, 49), 
natruiresis and diuresis (15), reduced blood volume (23, 43), tachycardia (35), orthostatic 
hypotension (Delp, Colleran, Wilkerson, Muller-Delp, unpublished observations) and a decreased 
exercise capacity (20, 43). Thus, these studies show that hindlimb unloading by tail suspension 
can be used to simulate the effects of weightlessness on the cardiovascular system as a whole, and 
thus, provides a useful model to investigate arteriolar smooth muscle and endothelial cell function 
in muscles composed of fast-twitch glycolydc and slow-twitch oxidaflve muscle fibers. 
RATIONALE 
lu the latest research announcement, NASA requested research to how weightlessness affects 
vascular responsiveness to vasodilatory stimuli. This study was designed to determine how simulated 
weightlessness affects vssodilatory responsiveness of skeletal muscle arterioles in vitro io several dilatory 
sgoaists acting through the nitric oxide synthsse, t)2-adrenergic receptor snd other vasodilar mechanisms. 
Future NASA Missions 
Future exploration mission planning and surface structure design are driving the 
requirements of countermeasures (techniques to counteract the physiological adaptations induced 
by weightlessness), and subsequently NASA is funding scienritic inquiry in determining the 
mechanisms of orthostatic hypotension. Cutrent NASA protocol reqmres an emergency egress 
maneuver from the space 
shuttle which may not be 
achievable by most astronauts. 
The crew return vehicle, which 
returns the crew from the 
International Space Station to 
earth in the event of an 
emergency, may impose 
physical requirements that are 
challenging to debilitated 
astronauts. Long duration 
interplanetary missions may expose the crew to six months or more of weightlessness before 
arrival at their destination (30). Inflatable structure and pneumatic technology might pose 
addition human physical requirements for the crew on arrival at their destination (21, 48). 
Mission scenarios and spacecraft design may not afford recovery time for the crew. Thus, an 
understanding of the mechanisms underlying orthostatic hypotension and is critical in order to 
develop effective countermeasures so this debilitating condition will not interfere with the 
successful completion of mission objectives. 
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Current Countermeasures 
Countermeasures presently employed on the space shuttle and the Russian space station 
Mir include oral rehydration and aerobic exercise training with ergometers and treadmills. 
, 
~ il 
Aerobic training has been shown to effectively 
maintain aerobic capacity (52). Oral rehydration 
loses effectiveness as mission duration lengthens 
(58). Studies of in-flight training (9) and ground- 
based models (27) report that aerobic exercise 
produces no significant change in orthostatic 
Lower Body Negative Pressure I)evke tolerance. Lower Body Negative Pressure devices 
have been tested in space but are inadequate in 
providing a whole body pressure differential that is needed to prevent the effects of 
weightlessness on the cardiovascular system (32). The mechanisms of orthostatic intolerance 
must be elucidated to allow for better suited exercise-based and pharmacological 
countermeasures for long duration space flight. 
OBJECTIVE 
This study determines whether arteriolar vasodilator are up-regulated by simulated 
microgravity in skeletal muscles and may contribute to the orthostatic hypotension that occurs 
following space flight. Vasodilation induced through endothelium-dependent and endothelium- 
independent mechanisms are examined. As a secondary objective, possible mechanisms leading 
to diminished aerobic capacity will be examined. 
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THE CARDIOVASCULAR SYSTEM 
The purpose of the cardiovascular system is to supply the body tissues with blood in 
amounts commensurate with their requirements for oxygen and nutrients. The highly elastic 
arteries transport blood from the heart to the tissues and serve as a pressure reservoir to continue 
driving blood forward when the heart is relaxing and filling. The mean arterial blood pressure is 
closely regulated to delivery an adequate blood supply to the dssues. The caliber of the highly 
muscular arterioles control the amount of blood that flows through a given tissue. Arteriolar 
caliber is subject to neural and hormonal control so that the distribution of the cardiac output can 
be rapidly adjusted to best serve the body's needs at sny moment. 
Blood Pressure Regulation 
Regulation of mean arterial blood pressure is accomplished by controlling cardiac output 
and total peripheral resismnce. Elaborate and complex mechanisms integrate in agonistic and 
antagonistic manners to regulate mean arterial pressure. 
In concept: 
Mean Arterial Pressure (MAP) = Cardiac Output (CO) x Total Peripheral Resistance (TPR) 
Cardiac output, the volume of blood pumped by each ventricle per minute, is a measure 
of the flow rate of blood through the system. Blood flow depends on the frequency of 
contractions (heart rate) and the volume of blood ejected per contraction (stroke volume); 
Cardiac Output (CO) = heart rate (HR) x stroke volume (SV) 
So that 
MAP = HR x SVx TPR 
Heart rate is controlled primarily by autonomic influences on the sinoatrial node, the 
pacemaker of the heart. Minute to minute changes in heart rate are achieved mainly by changing 
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the slope of the pacemaker potential via nerves or hormones. Long term mechanisms are related 
to changes in extracellular electrolyte concentrations. 
Stroke volume, the amount of blood pumped out by each ventricle during a beat, has both 
intrinsic and extrinsic controls that serve to increase the strength of contracfion of the heart. 
Intrinsically, the cardiac muscle fibers respond to increased length before contraction so that 
increased venous return results in an increased stroke volume. Extrinsically, sympathetic 
stimulation via cardiac sympathetic nerves or epinephrine serve to enhance the heart' s 
contractility (strength of contraction per end-diastolic volume). 
Control of Peripheral Resistance 
In humans, cardiac output is not significantly altered after space flight (Buckey, '96). 
Consequently, insufficient mean arterial pressure is most likely due to an inability to properly 
regulate total peripheral resistance. Vascular resistance is altered by changing the degree of 
vascular tone of vascular smooth muscle. The amount of resistance represents a balance between 
locally driven needs for matching tissue blood flow to tissue metabolism and a centrally directed 
need to maintain central arterial pressure. Regional resistance is adjusted in such a way that a 
given tissue receives the blood flow that is required for the maintenance of its metabolic activity. 
Total peripheral resistance is adjusted in such a way that mean arterial blood pressure is regulated 
at a desired leveL Central nervous regulation of resistance is governed by receptors that respond 
to changes in arterial blood pressure, As a result, tissues that are metabolically active have low 
resistance to blood flow because the vasodilator actions of metabolites counteract cenn ally 
directed sympathetic vasoconstrictor influences; blood vessels in tissues that are not active are 
constricted by sympathetic nerves. In orthostatis (abruptly changing to an upright position), 
maintaining sufficient pressure and correspondingly maintaining adequate blood flow to the brain 
is the predominant function for elevating peripheral vascular resistance. Vascular tone is 
increased in the periphery to redirect blood to the central cavity and head region. 
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Vascular Smooth Muscle 
Vascular smooth muscle is the tissue responsible for determining total peripheral 
resistance and the distribution of blood throughout the body. Smooth muscle fibers constitute a 
large percentage of the composition of the arteriolar wall. Relaxation of the vascular smooth 
muscle increases the diameter of the blood vessels, which subsequently decreases the resistance 
in the vessel. Vascular smooth muscle contracts via interaction of actin and myosin. Increased 
myoplasmic Ca2+ elicits contraction through voltage-gated calcium channels (electromechanical 
coupling), through receptor-mediated calcium channels (pharmacomechanical coupling) in the 
sarcolemma, and by release from the sarcoplasmic reticulum, Pharmacomechanical coupling, 
which occurs in response to humoral stimuli, is the predominant mechanism for eliciting 
contraction and relaxation. Substances that cause pharmacomechanical coupling include 
acetylcholine, adenosine, nitric oxide, catecholamines, CO2, histamine, angiotensin and 
prostaglandins. 
Arterioles 
The muscular arterioles, which have the highest resistance to flow in the vasculature, 
regulate regional blood flow to the capillary beds. These arteries have thick muscular walls that 
allow the vessel to vastly change its internal radius and resistance in response to changes in the 
level of contraction in their smooth muscle layer. Contractile impulses from sympathetic nerves, 
transmural pressure, and numerous local vasoconstrictor and vasodilator substances control the 
degree of arteriolar contraction. 
Endothelium Mediated Regulation 
Vasodilation occures through several mechanisms, a few of which involve the 
endothelium. The endothelium elicits vasoactive responses of the vascular smooh muscle. 
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Blood, being relatively viscous, produces a friction force with the vessel wall in the form of shear 
stress (3): 
r= 4r)Q/xr 3 
Since flow is directly proportional to shear stress, an increase in flow produces more 
shear stress on the vessel wall, It is hypothesized that the shear stress-induced mechanical 
deformation of the endothelium wall activates channels in the endothelium which initiate a 
cascade of events leading to vasodilation (1, 2, 3). Of great importance in dilation by this 
mechanism is the formation and release of the endothelium-derived relaxing factor (EDRF), 
which has been identified as nitric oxide. Nitric oxide is released from the endothelium in 
response to the shear stress consequent to the increase in velocity of flow. In the endothelium, it 
is thought that nitric oxide synthase converts L-Arginine to nixie oxide and citrullin (see Figure 
1). The nitric oxide then diffuses to the smooth muscle and directs a cascade of events that lead to 
calcium sequestering in the sarcoplasmic reticulum. Stimulation of the endothelial cells by 
acetylcholine and other agents also causes the production and release of NO. Acetylcholine 
works through a same signal-uansduction mechanism with numerous common features to flow- 
induced dilation, and so acetylcholine is used in this study to examine the ni&c oxide 
mechanism. 
Evidence exists to support the claim that certain vasodilatory mechanisms involve the 
endothelium (3). In arterioles denuded of endothelium, neither the NO-related vasodilatory 
agents nor increased flow induce vasodilation, 
Vasodilator agents such as adenosine, O02, and potassium are released from 
parenchymal tissue and act locally on the resistance vessels (2, 3). Prostacyclin relaxes vascular 
smooth muscle via an increase in the cyclic adenosine monophosphate (cAMP) concentration. 
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The endothelium is also capable of synthesizing endothelin, a very potent vasoconstrictor peptide 
which may be linked to hypertension, congestive heart failure, and atherosclerosis. 
Endothelium Independent Dilation 
The sympathetic nervous system influences the cardiovascular system mainly by altering 
the pattern and rate of efferent discharge and by changing the rate of liberation of catecholamines 
from the adrenal glands (1, 3, 4), Catecholemines (norepinephrine and epinephrine) are released in 
the blood and bind to specific P2 receptors on the surface of the vascular smooth muscle and 
cause dilaflon by a mechanism that is independent of the endothelium (see Figure I). In the 
present study, isoproterenol was used to bind to P2-adrenergic receptors. This action directs an 
increase in cyclic AMP by adenylate cyclase, which leads to calcium sequestration and relaxation 
of the vascular smooth muscle. The resulting alteration in total and regional peripheral resistance 
and capacitance influences cardiac output as well as distribution. 
Nitroprusside increases cGMP and subsequently induces dilation, but it acts directly on 
the vascular smooth muscle and therefore acts independently of the endothelium (see Figure I ). 
Forskolin activates adenylate cyclase directly in the smooth muscle without P2-adrenergic 
receptor binding. 
Autoreguiation 
Autoregulation of the cardiovascular system represents the processes that arterioles 
employ to adjust vascular resistance to maintain a relatively constant blood flow in response to 
changes in perfusion (mean arterial) pressure (2, 3). Arterioles maintain constant flow by 
proportionally altering vascular resistance in response to a change in arterial pressure; that is, 
flow is maintained because arterial resistance increases in response to an increase in perfusion 
pressure and decreases in response to a decrease in pressure. This response implies that the 
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arterioles actively contract or relax in response to an increase or decrease in arterial pressure, 
respecflvely. This type of autoregulation occurs through a myogenic mechanism. 
Myogeni c Response 
The myogenic mechanism refers to a contraction of vascular smooth muscle that is 
elicited by an application of force to the muscle (1, 3). In vivo the contraction is elicited by an 
increase in the intravascular or transmural pressure. The term can also be applied to the 
relaxation of vascular muscle that follows a reduction in the applied force or transmural pressure. 
According to the myogenic hypothesis, changes in arterial pressure alter the amount of tension in 
the vessel wall, which in turn stimulates release or suppression of stretch-activated arterial 
smooth muscle Ca2+ channels. For blood flow to remain constant at an elevated arterial pressure, 
the average arteriolar radius must decrease to a value less than that which existed prior to increase 
in arterial pressure. A stretch receptor would not be sensitive to this required radius. It has been 
suggested that wall tension (pressure x raduis) might be the sense variable responsible for 
myogenic autoregulation of blood flow. 
tr (' wall stress) = pr (pressure x radius) I w (wall thic)atess) 
Transmural pressure, the difference in pressure between the extravascular space and the 
intravasuclar space, varies proportionally with pressure. A local increase in arterial pressure 
applies a greater pressure gradient between the intravascular space and the extravascular space. 
This altered pressure gradient is not returned to normal until the proper radius is achieved. 
The myogenic response appears to explain autoregulation, although a tension sensor 
mechanism has not been fully elucidated. 
Metabolic Regulation 
The metabolic regulation mechanism proposes that the metabolic activity of local ussue 
regulates blood flow (2, 3). A stimulus that results in an 02 supply that is inadequate for the 
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requirements of the tissue results in the formation of vasodilator metabolites. Lactic acid, CO2, 
and hydrogen ions fall short of producing the dilauon observed under the physiological 
conditions of increased metabolic activity. Changes in 02 tension can evoke changes in the 
contractile state of vascular smooth muscles, but direct measurements of PO2 in the arterioles 
indicated that over a wide range of PO2, there is no correlation between 02 tension and arteriolar 
diameter. A change in local metabolites could cause inadequate vascular tone when astronauts 
return to earth. 
MATERIALS AND METHODS 
The methods in this study were approved by the Texas AdtM University Institutional 
Animal Care and Use Committee. The investigation conforms with the National Institutes of 
Health (NIH) Guide for the Care and Use of Laboratory Animals [DHHS Publication No. QVIH) 
85-23, Revised 1985, Office of Science and Health Reports, Bethesda, MD 20892]. 
Animals 
13 male Sprague-Dawley rats weighing approximately 200 grams were obtained (Charles 
River) and housed in a temperature-controlled (23+/- 2 C) room with a 12-h light-dark cycle. 
Water and rat chow were provided ad libitum. The rats were randomly assigned to either a 
hindlimb unloaded (HU, n=5) or conu ol (C, n=8) group. The rats were weighed before hin&0imb 
suspension. The hindlimbs of the HU rats were partially elevated with a harness attached to the 
tail. Two narrow strips of adhesive material (moleskin) were cut and placed on the proximal end 
of the ventral side of the tail, adjacent and parallel to both sides of the caudal artery to avoid 
compression of the tail artery The tail was wrapped (Co-Flex bandage, Andover) and a 
previously molded plastic caste (X-lite splint, AOAfKirshner Medical) was placed around the 
proximal two-thirds of the tail. The caste was laced with acrylic thread. A hook was attached to 
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the casted tail harness and then connected by a chain to a swivel apparatus at the top center of the 
cage. The tail was marked at the proximal end of the caste to monitor caste slippage. The height 
of the hindlimb elevation was adjusted to prevent the hindlimbs I'rom touching supportive 
surfaces, resulting in a suspension angle of approximately 35-40'. The forelimbs maintained 
contact with the floor surface, which afforded the animals 360' horizontal circular translation. 
The HU rats were hindlimb unloaded for 2 weeks, a duration previously demonstrated to induce 
muscle atrophy (53), resting and exercise tachycardia (35), alterations in muscle blood flow (35, 
57), and altered aortic vasomotor responses (18, 19). After the 2 week unloading period, the 
animals were weighed and anesthetized with sodium pentobarbital (35 mg/kg, I. P. ) without 
allowing the hindlimbs to become weight bearing, and the gastrocnemius-plantaris-soleus muscle 
group was carefully dissected free from the hindlimbs and placed in a chilled (4 'C) filtered 
physiological saline buffer solution (PS 5) (pH 7. 4). 
Microvessel Preparation 
Under a dissecting microscope, the feed artery leading to the soleus (SOL) or superficial 
white portion of the gastrocnemius muscle (Gw) was identified and cut with microscissors. First- 
order (1A) arterioles were identified at the point where the feed artery entered the muscle or 
where a branch from the feed artery entered the muscle. IA arterioles were dissected from the 
S OL or GW and transferred to a Lucite vessel chamber containing chilled PS S solution. One end 
of the microvessel was cannulated with a glass micropipette (40-55 (m in tip diameter), filled 
with filtered PSS-albumin solution (I g bovine serum albumin/100 ml), and tied securely to the 
pipette with 11-0 ophthalmic suture. The other end of each vessel was cannulated with a second 
micropipette and secured with suture. After cannulation, the isolated vessel in the tissue chamber 
was transferred to the stage of an inverted microscope (Olympus IX70) coupled with a video 
camera (Panasonic BP310), video micrometer (Microcirculation Research Insfltute, Texas A/kM 
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University), video recorder (Panasonic AG-1300), and a data acquisition system 
(Macintosh/MacLab). Vessels were then allowed to equilibrate for I hour at 37'C and 60 cm 
H20 intraluminal pressure before vasodilator properties were characterized; the bathing solution 
was replaced every 15 minutes during the equilibration period. Internal diameters were measured 
continuously throughout the experiment by videomicroscopic techniques (24, 31, 16). 
Experimental Design 
To maintain constant intraluminal pressure, the micropipettes cannulating the arterioles 
were connected to reservoir systems, Intraluminal pressure was measured through side arms of 
the two reservoir lines by low-volume displacement strain gauge transducers (Electromedics). 
The isolated vessels were pressurized at 60 cm H20 by setting both reservoirs at the same 
hydrostauc level. To determine vascular responses to vasodilator agonists, concentration 
response relationships were determined by the cumulative addition of acetylcholine, adenosine, 
isoproterenal and sodium nitroprusside. Maximal diameter with an intraluminal pressure of 60 
cmH20 was determined after a 45 minute incubation in calcium-free PSS buffer and addition of 
10-4 M sodium nitroprusside. 
Solutions and Drugs 
The PSS buffer contained (in mM) 145 NaCl, 4. 7 KCI, 1. 2 HaH2PO4, 1. 17 MgSO4, 2. 0 
CaC12, 5. 0 glucose, 2. 0 pyruvate, 0. 02 EDTA, and 3. 0 MOPS with a pH of 7. 4. Calcium-free 
PSS buffer was similar to the PSS buffer except it contained 2 mM EDTA and CaC12 was 
replaced with 2. 0 mM NaCl, Concentrated stock solutions of ACH, ADO, ISOP, and NaNP were 
prepared in PSS buffer. 
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Statlsrical Analysis 
The vasodilator data were evaluated using repeated-measures analysis of variance with 
one within (agonist concentrafion) and one between (experimental groups) factor. 
RESULTS 
Vasodilator Responses 
Acetylcholine produced dose-dependent increases in intraluminal &Bameter in vessels 
from gastrocnemius and soleus muscles. Arterioles from soleus muscle of hindlimb unloaded rats 
showed a decrease in percent dilation relative to control rats. Hindlimb unloading did not 
produce a significant change in sensitivity to acetylcholine. Percent dilation did not differ in 
arterioles from gastrocnemius muscle in control and hindlimb unloaded rats, 
Concentration increases in extracellular isoproterenol produced increases in intraluminal 
diameter in arterioles from gastrocnemius and soleus muscle fibers. Dilatory responses were 
slightly decreased in gastrocnemius arterioles from hindlimb unloaded rats. Isoproterenol 
produced no significant difference in dilation for soleus muscle vessels &om control and hindlimb 
unloaded rats. 
DISCUSSION 
The purpose of this study is to determine the effect of hindlimb unloading produces a 
significant change in vasodilatory responsiveness of skeletal muscle arterioles. The data indicate 
that hindlimb unloading does not enhance the dilation of resistance vessels. Acetylcholine- 
induced vasodilation was diminished in soleus muscle IA arterioles and isoproterenol-induced 
vasodilation was reduced in gastrocnemius muscle IA arterioles. Decreased dilation of the 
resistance vessels would serve to maintain upper body pressure. Thus, applying the HU model to 
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humans in space, weightlessness-induced alterations in vasodilatory properties of resistance 
vessels would not contribute to the hypotension experienced by humans returning to earth. 
The diminished dilatory response to acetylcholine in soleus muscle agrees with the 
hypothesized decrease in shear stress, Soleus muscle, a postural muscle normally receives blood 
flow at a rate of approximately 100 ml/min/100g (McDonald), During hindlimb unloading, the 
postural muscle is unloaded and blood flow to the soleus decreases to less than 10 mUmin/100g 
(McDonald). Since gastrocnemius muscle blood flow is less metabolically active than soleus 
muscle, the alteration in shear stress seen in soleus aterioles does not occur in the gastrocnemius 
muscle arterioles. Correspondingly, acetylcholine. induced dilation is also unaltered. Further 
research has begun to investigate whether the alteration in the dilatory mechanisms in soleus 
muscle occurs in the endothelium or in the smooth muscle. 
Shear stress is directly proportional to blood flow through the vessel and the radius of the 
vessel. During exercise, the blood flow to skeletal muscle increases, and the vessels feeding these 
muscles subsequently enlarge. During tail suspension, blood flow to soleus muscle decreases (), 
which may cause diminished production of nitric oxide synthase in the endothelium. In addition, 
structural remodeling of the soleus muscle vasculature may occur. Delp et al (Delp, Colleran, 
Wilkerson, Muller-Delp, unpublished observations) found that hindlimb unloading reduces the 
maximal diameter of soleus muscle arterioles without altering the medial wall thickness and that 
the alteration can be attributed to a decrease in wall shear stress. 
The correlation between diminished dilaflon to acetylcholine and diminished shear stress 
in soleus muscle arterioles provides a possible mechanism for weightlessness-induced diminished 
aerobic capacity. The reduction in blood flow to normally metabolically active muscles in 
simulated weightlessness (McDonald) and the corresponding reduction in endothelium-dependent 
dilation found in this study could alter peripheral resistance to the extent that aerobic capacity is 
compromised. 
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In an extension of this study that is currently underway by the author, dose response 
curves to sodium nitroprusside are being produced using methods identical to the methods in this 
study. Sodium nitroprusside, an exogenous drug which increases cGMP and produces 
vasodilation, acts directly on the vascular smooth muscle and is not endothelium-mediated. If 
nitroprusside does not indicate a marked decrease in percent dilation, the alteration is most likely 
endothelium-based. If nitroprusside produces a dose response curve similar to that for 
acetylcholine in soleus, the down-regulafion of vasodilation probably occurs in the vascular 
smooth muscle surrounding the endothelium (see Figure I). Currently the sodium nitroprusside 
data is incomplete and conclusions regarding this vasodilator cannot be made at this ume. 
The data from adenosine, while currently incomplete, is being investigated for dose 
response trends, However, the preliminary data indicate that vasodilation induced by this 
metabolite in both soleus and gastronemius muscle arterioles is diminished by hindlimb 
unloading. 
In the dose response curves for isoproterenol in the gastrocnemius muscle, both control 
and hindlimb suspension percent relaxation significantly decreases at 10-5 M. This effect may be 
caused by a change in receptor specificity of the isoproternol. Up to a certain concentration, 
isoproterenol preferentionally binds to P receptors, and in vascular tissues to P2 receptors. At 
high concentrations, isoproterenal begins to bind to ct receptors, which induce constriction of the 
vessel. 
The data show that vasodilation mediated by P-adrenergic receptors may be down- 
regulated. It can be hypothesized that symphathetic stress induced by the hindlimb unloading 
desensifizes the arterioles to symphathic stimulation. The stress induced by hindlimb unloading 
could increase catecholimine release in the blood. A chronic increase in P receptor activafion has 
been shown to lead to desensitization. To address this hypothesis, forskolin, a pharmacological 
agent that directly activates adenylate cyclase in the vascular smooth muscle, can be used to 
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detmnine whether the P2 receptors are altered or if the signal transduction mechanism is altered. 
If forskolin produces a dose response curve that is similar in arterioles from control and hindlimb 
unloaded rats, then the data indicate that P2 receptor sensitivity or density is altered by hindlimb 
unloading. 
CONCLUSION 
The primary objective of this study is to determine the role of vasodilatory mechanisms 
in weightlessness-induced orthostatic hypotension. The results indicate that hindlimb suspension 
does not significantly enhance dilatory properties of arterioles. Thus, vasodilatory mechanisms of 
arterioles do not play a significant role in causing orthostatic hypotension. This study is 
significant in eliminating vasodilatory responsiveness of arterioles as a factor in orthostatic 
hypotension. 
The decrease in vasodilator responsiveness may contribute to the reduced aerobic 
capactiy (VO2 max) experienced by astronauts, Compromise dilatory response of the peripheral 
vascular could necessarily diminish total body aerobic capacity. 
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